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CLOCK CIRCUITRY ON PLURAL INTEGRATED CIRCUITS 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to clock circuitry and more 
particularly to clock circuitry on plural integrated circuits. 

BACKGROUND OF THE INVENTION 

[0002] Commonly assigned U.S. Patent 6,594,772, issued July 15, 2003, of 
which I am a co-inventor, discloses a single integrated circuit chip having clock circuitry 
for supplying clock waves to many loads on the chip. The chip includes several clock 
node circuits at different locations on the chip and clock coupling circuitry connected 
between a clock wave output and input of adjacent clock nodes. Each clock node 
circuit and the clock coupling circuitry are arranged for maintaining a predetermined 
phase relation between the clock wave output and input of adjacent clock nodes. 

[0003] In one embodiment, the clock node circuits and the clock coupling 
circuits include feedback arrangements for maintaining the predetermined phase 
relation. The clock wave inputs and outputs of the nodes are connected so there is no 
direct feedback from the clock wave outputs and inputs of any of the different clock 
nodes. 

[0004] In another embodiment, circuitry connected to be responsive to the 
clock waves at spatially displaced first and second nodes on the chip (a) compares the 
relative phases of the clock waves at the spatially displaced nodes, and (b) derives a 
signal. 
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[0005] Clock waves derived at disparate locations on the single integrated 
circuit chip of the co-pending application have substantially the same phase, or have 
predictable, stable phase differences. One embodiment of the device of the co- 
pending application is particularly adapted for use on a single relatively large 
integrated circuit e.g., 2 centimeters on a side, operating at a high clock frequency 
e.g., more than 1.0 gigahertz (GHz), wherein effects of semiconductor processing, as 
well as temperature and voltage variations as a function of time and/or space are 
minimized. The circuitry of the co-pending application is particularly adapted for 
resolving problems associated with clock skew. Circuitry for deriving the signal 
indicative of clock skew quality of the chip clock circuitry includes: (a) an additional 
clock node, (b) an additional coupling circuit responsive to a clock wave at the first 
node, and (c) a phase detector arrangement. The additional clock node responds to a 
clock wave derived from the additional coupling circuit. The phase detector 
arrangement responds to a clock wave at the second node and the clock wave output 
of the additional node to derive the clock skew quality signal. 

[0006] Another aspect of the previously mentioned patent relates to clock 
circuitry for supplying clock waves to many loads on a single integrated circuit chip, 
wherein the clock circuitry includes several clock nodes at different locations on the 
chip and clock coupling circuitry connected between adjacent clock nodes. Each clock 
node includes (a) a clock wave input, (b) a clock wave output and (c) feedback circuitry 
for maintaining a predetermined phase relation between clock waves at the clock 
wave input and clock wave output of the particular node. The clock coupling circuitry 
maintains a predetermined phase relation between the output and input of the 
adjacent clock nodes on the single chip. 
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[0007] In the previously mentioned patent, clock circuitry for supplying clock 
waves to many loads on a single integrated circuit chip comprises several clock nodes 
at different locations on the chip and clock coupling circuitry connected between a 
clock wave output and input of adjacent clock nodes. Each clock node includes an 
arrangement for maintaining a predetermined phase relation between clock waves at 
the clock wave input and clock wave output of the particular node. Each clock 
coupling circuit includes a feedback loop for maintaining a predetermined phase 
relation between the clock wave output of a first of the adjacent nodes and the clock 
wave input of a second of the adjacent nodes. 

[0008] I have now realized that many of the principles of the previously 
mentioned patent are applicable, with modification, to arrangements including plural 
integrated circuit chips having interconnected clock circuitry. 

SUMMARY OF THE INVENTION 

[0009] According to the present invention, clock circuitry supplies 
synchronized clock waves to loads on plural integrated circuit chips. The clock 
circuitry is on the chips and adapted to be responsive to a source of clock waves. 
The clock circuitry is arranged for coupling the synchronized clock waves to regions 
of the plural chips. First and second routes for the clock waves are between pairs of 
the chips. The first and second routes and the chips are arranged so there is a first 
clock wave route in a first direction from a first chip of a particular pair to a second 
chip of that particular pair and a second clock wave route in a second direction from 
the second chip of the particular pair to the first chip of the particular pair. The first 
and second routes have substantially the same geometry and are in close proximity 
to each other so they have substantially the same effects on clock waves 
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propagating therein in opposite directions. Circuitry maintains a substantially 
constant phase relation between the clock waves transmitted to and from the first 
chip via the first and second routes. 

[0010] In one embodiment the circuitry is on the first chip. 

[0011] In a second embodiment the circuitry is a third chip different from the 
first and second chips and the circuitry is arranged for deriving a control signal for 
maintaining the substantially constant phase relation. Signal transmission elements, 
e.g. lead lines, couple the signal from the third chip to the first and second chips. 

[0012] Preferably, the signal transmission elements include a common mode 
path for the control signal between the third chip and the first and second chips. 

[0013] The circuitry in both embodiments preferably includes a phase 
detector responsive to a pair of clock waves. The phase detector preferably derives 
a signal indicative of the phase difference of the pair of clock waves. The signal 
from another chip preferably controls variable delay circuits for the clock waves. 

[0014] In the first embodiment, the phase detector and circuitry responsive to 
the signal the phase detector derives to control synchronization is on the individual 
chips. In the second embodiment the phase detector is preferably on only one chip 
and the circuitry responsive to the signal the phase detector derives is on the plural 
chips. The signal the phase detector derives is preferably coupled to the chips by 
common mode circuitry. The common mode circuitry prevents anomalies and/or the 
effects from causing erroneous operation of the circuitry driven by the phase 
detector. The anomalies and other effects result from voltage and temperature 
variations, as well as unintended differences of the components resulting from 
differences in materials and manufacturing steps of the chips. 
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[0015] The chips and routes can be carried by a printed circuit board. 
Alternatively, the chips can be stacked on each other and the routes established by 
vias between the stacked chips. 

[0016] In one arrangement, the routes connect the chips in sequence such 
that route 1 connects chip 1 to chip 2, route 2 connects chip 2 to chip 3,... route k 
connects chip k to chip (k+1)... route (N-1) connects chip (N-1) to the last chip of the 
sequence, i.e. chip N. 

[0017] In another arrangement, the routes connect the chips in a star 
configuration. 

BRIEF DESCRIPTION OF THE DRAWING 

[0018] Figure 1 is a block diagram of an embodiment of the invention wherein 
a printed circuit board carries clock routes connecting four chips that are sequentially 
responsive to clock waves; 

[0019] Fig. 2 is a block diagram including circuitry on a pair of the chips of 
Fig. 1 and the clock routes connecting the chips; 

[0020] Fig. 3 is a block diagram of another embodiment of the invention, 
wherein N chips are carried by a printed circuit board and one of the chips includes 
circuitry for deriving an indication of clock quality; 

[0021] Fig. 4 is a block diagram of a printed circuit board carrying four chips 
connected to each other in a star configuration with clock routes between the chips; 

[0022] Fig. 5 is a block diagram similar to the block diagram of Fig. 2, but 
wherein the chips are connected to the clock routes by buffer circuits, rather than 
buffer and gater circuits; 
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[0023] Fig. 6 is a block diagram of a printed circuit board carrying N chips 
connected to each other in a feedback arrangement which derives a signal for 
controlling synchronization of all the chips on the printed circuit board; and 

[0024] Fig. 7 is a block diagram including circuitry on a pair of the chips of 
Fig. 6 and the clock routes connecting the chips. 

DETAILED DESCRIPTION OF THE DRAWING 

[0025] Reference is now made to Fig. 1 of the drawing, wherein printed 
circuit board 10 is illustrated as carrying clock source 12, integrated circuit chips 14, 
16, 18 and 22, as well as balanced clock routes 34, 36, 38, 40, 54 and 56 that 
connect adjacent pairs of the chips together, to assist in maintaining clock waves on 
each of chips 14-20 synchronized. While clock source 12 is illustrated as being 
mounted on printed circuit board 10, externally of the chips, it is to be understood 
that the clock source can be incorporated into one of the chips, in particular chip 14. 

[0026] Each of chips 14, 16, 18 and 20 includes integrated circuit clock 
circuitry similar to that illustrated in Fig. 2 or 3 of the previously-mentioned patent. 
Typically, at least one of chips 14, 16, 18 or 20 is a relatively large chip, for example, 
a microprocessor chip having edges that are two centimeters long, while at least one 
of the other chips is typically a small chip, such as an ASIC carrying a custom circuit. 
Each of chips 14, 16, 18 and 20 includes in proximity to opposite edges thereof 
clock circuitry for supplying clock waves to circuits within the chip. In addition, each 
large chip has several different regions driven by different clock waves that are 
synchronized with each other and may be phase displaced from each other by 90°, 
180° or 270°. The clock circuitry adjacent the edges of chips 14, 16, 18 and 20 is 
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connected to nearby peripheral terminals of the chip that are connected to balanced 
clock routes between adjacent pairs of chips. 

[0027] Balanced clock routes connect adjacent first and second chips of a 
chip pair to each other, so that clock waves propagate in one direction from the first 
chip to the second chip and propagate in the other direction from the second chip to 
the first chip. Chip 14 includes terminals 22 and 24 and corresponding clock 
circuitry adjacent terminals 22 and 24, in close proximity to right edge 26 of chip 14. 
Chip 16 includes clock terminals 28 and 30 and corresponding clock circuitry in 
close proximity to left edge 32. The clock circuitry of chip 14 connected to terminal 
22 supplies a clock wave to terminal 22, while the clock circuitry of the chip 16 in 
proximity to terminal 30 supplies a clock wave to terminal 30. Chip 14 includes clock 
receiving circuitry in close proximity to terminal 24, while chip 16 includes clock 
receiving circuitry in close proximity to terminal 28. Clock route 34 connects 
terminals 22 and 28 to each other, while clock route 36 connects terminals 24 and 
30 to each other. The circuitry of chips 14 and 16 is such that clock waves in clock 
routes 34 and 36 propagate in opposite directions between chips 14 and 16. 

[0028] Clock routes 34 and 36 are made of the same materials, are carried in 
same way by printed circuit board 10 in close proximity to each other, and have 
substantially the same geometry, i.e., length and cross-sectional shapes and 
dimensions. Hence, the clock wave propagation properties of clock routes 34 and 
36 are substantially the same, despite local differences of the properties of chips 14 
and 16, such as temperature, voltage, and processing differences. To assure that 
the clock waves respectively propagating to and from chip 14 via terminals 24 and 
24 remain synchronized, chip 14 includes, in proximity to edge 26 and terminals 22 
and 24, circuitry for maintaining a substantially fixed phase relationship between the 
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clock wave that terminal 22 supplies to clock route 34 and the clock wave that clock 
route 36 supplies to terminal 24. Typically, the clock input of chip 14 is in a portion 
of chip 14 remote from terminals 22, 24 and edge 26. In the specifically illustrated 
embodiment, external source 12 is connected to terminals at the left edge of chip 14. 

[0029] Balanced clock routes 38 and 40 connect clock terminals 42 and 44 in 
proximity to right edge 46 of chip 16 to terminals 50 and 52 on the left edge 54 of 
chip 18 in a manner similar to the manner discussed in connection with clock routes 
34 and 36; similarly, balanced clock routes 54 and 56 connect terminals 58 and 60 
on the right edge 62 of chip 18 to terminals 64 and 66 on the left edge 68 of chip 20. 
Balanced clock routes 38 and 40 are in close proximity to each other on printed 
circuit board 10 and have substantially the same geometry and the same materials; 
the same is true of balanced clock routes 54 and 56. Hence, each pair of balanced 
clock routes 34, 36 and 38, 40, as well as 54, 56 can be accurately considered as a 
balanced clock route pair. 

[0030] Clock source 12 and chips 14, 16, 18 and 20 are arranged in 
sequence so the clock wave that source 12 supplies to chip 14 propagates from chip 
14 to chip 16 via route 34, from chip 16 to chip 18, via route 38, and from chip 18 to 
chip 20 via route 54. Return routes 36, 40 and 56, and circuitry on chips 14, 16 and 
18 enable the clocks on chips 14, 16, 18 and 20 to be synchronized. The lengths of 
the balanced routes between adjacent chip pairs influence the synchronized phase 
angle. The circuitry on each of chips 14, 16 and 18 for maintaining the synchronized 
relationship between the clock waves applied to and transmitted from the terminals 
along right edges 26, 46 and 62 of these chips is respectively in proximity to the right 
edges. Consequently, the clock waves on all of chips 14, 16, 18 and 20 are 
synchronized, so that the leading and trailing edges of clock waves have a constant 
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phase relationship. The clock waves at the terminals along the right edges 26, 46 
and 62 of chips 14, 16 and 18 are in phase with each other or are phase displaced 
from each other by any of 90°, 180° or 270°. 

[0031] Reference is now made to Fig. 2 of the drawing, a block diagram of 
the circuitry on chips 14 and 16, as well as routes 34 and 36, for maintaining a 
synchronized relationship between the clock waves of chips 14 and 16 at terminals 
22 and 24, so that the clock waves at these terminals have a synchronized phase 
relationship. 

[0032] The clock circuitry in proximity to the left edge 23 of chip 14, where the 
clock wave from source 12 is introduced or derived, includes voltage controlled delay 
circuit 25. Circuit 25 has a clock input terminal connected to be responsive to the 
clock source and a clock output terminal that supplies the clock wave delayed by 
circuit 25 to a clock input of buffer and gater 27, constructed as described in the 
previously mentioned patent. The clock circuitry in proximity to edge 23 also 
includes phase detector and low pass filter circuit 29, and voltage controlled delay 
circuit 31, as well as buffer and gater 33. Buffer 27 has a clock output terminal 
connected to supply a clock wave to a clock input terminal of circuit 31, having a 
clock output terminal connected to drive a clock input terminal of buffer 33. Phase 
detector 29 has first and second clock input terminals, respectively connected to be 
responsive to the clock waves of source 12 and at the output terminal of buffer and 
gater 33. Detector 29 responds to the clock waves at the first and second clock 
input terminals thereof to derive a DC signal voltage having an amplitude and 
polarity respectively indicative of the magnitude and direction of the relative phase 
angles of the clock waves derived from source 12 and buffer 33. Detector 29 
supplies the DC signal voltage it derives to control input terminals of delay circuits 25 
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and 31 to increase and decrease the delay times of circuits 25 and 31, relative to 
nominal delay values thereof. The output of detector 29 thus maintains the phases 
of the clock outputs of source 12 and buffer 33 synchronized at a predetermined 
phase angle 90°, 180°, 270° or 360°, to maintain phase synchronization for the clock 
outputs of circuitry 25, 27, 31 and 33. 

[0033] Typically chip 14 includes several cascaded subsequent sections with 
clock circuitry the same as described in connection with circuit elements 25, 27, 29, 
31 and 33. In such cases, the clock output of buffer 27 functions the same as the 
clock wave of source 12 to drive clock inputs of the subsequent sections. Thus, the 
output of buffer 24 drives (1) a delay circuit corresponding to delay circuit 25 and (2) 
a phase detector and low pass filter corresponding to phase detector and low pass 
filter 29. For convenience these subsequent sections are not illustrated, except for 
the last section. In the subsequent discussion, the output of circuit 27 is assumed to 
be connected to the last section of chip 14 in the same way the output source 12 is 
connected to the first section. 

[0034] The clock circuitry of the last section of chip 14 includes, in proximity 
to terminals 22 and 24 and edge 26, buffer and gater circuit 70. Circuit 70 includes 
logic circuitry for selectively coupling clock waves to circuitry on chip 14 in proximity 
to buffer and gater 70. In addition, buffer and gater circuit 70 includes output 
terminal 72 which is in proximity to and connected to terminal 22, which is essentially 
on edge 26. Buffer and gater 70 has a clock input terminal 71 connected to be 
responsive to a clock wave at output terminal 73 of voltage controlled delay circuit 
75, located in proximity to buffer and gater 70. Circuit 75 has a clock input terminal 
77 responsive to a clock wave derived on a portion of chip 14 upstream of and in 
proximity to circuit 75 and ultimately in response to the clock wave from clock source 
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12. In the illustrated circuit of chip 14, the output of buffer and gater 27 is connected 
to clock input terminal 77 of voltage controlled delay circuit 75. 

[0035] Chip 14 carries, in close proximity to buffer and gater 70, voltage 
controlled delay circuit 74, having a clock input terminal 76 connected to and in close 
proximity to terminal 24, so terminal 76 and circuit 74 are responsive to the clock 
wave at terminal 24. Chip 14 includes circuitry for supplying delay elements 74 and 
75 with a variable voltage which controls the delay that circuits 74 and 75 introduce 
between the clock input and output terminals thereof, e.g. input terminal 76 and 
output terminal 78 of circuit 74. Chip 14 supplies to delay circuit 74 a control signal 
that is influential in maintaining synchronism between the clock waves at terminals 
22 and 24. Because the clock wave transmitted from terminal 22 to chip 16 and the 
clock wave transmitted from chip 16 back to terminal 24 are synchronized and 
routes 34 and 36 are balanced, i.e., affect the propagation of the clock waves 
transmitted through the routes in the same way, the clock waves on chips 14 and 16 
are synchronized. 

[0036] To maintain synchronism between the clock waves at terminals 22 
and 24, chip 14 includes phase detector and low pass filter 80, having a first clock 
input terminal 81 responsive to a clock wave that ultimately is derived on chip 14 in 
response to an output of source 12. In the illustrated circuit, terminal 81 is 
connected to the clock output of buffer and gater 27. Chip 14 includes the 
previously described circuitry for maintaining synchronization between the output of 
source 12 and the clock input of detector and filter 80 at terminal 81. Detector and 
filter 80 has a second clock input terminal 83 responsive to the clock wave at the 
output terminal of buffer and gater 82, having an input terminal connected to be 
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responsive to the clock wave that voltage controlled delay circuit 74 supplies to 
terminal 78. 

[0037] Phase detector and lowpass filter 80 responds to the clock input 
thereof at the output of circuits 27 and 82 to derive a DC voltage having a magnitude 
and polarity respectively indicative of the difference in the phase angle of the clock 
waves supplied to it and the phase lead/lag relationship between the clock waves 
supplied to it. The resulting DC output signal of circuit 80 is applied to control input 
terminals of voltage control delay elements 74 and 75. Delay element 75 has a 
clock output that drives circuitry of chip 14 in close proximity to delay element 75. 
The circuitry of chip 14 that element 75 drives includes buffer and gater 70, which in 
turn drives terminal 22. 

[0038] The clock wave that buffer and gater 70 supplies to terminal 22 
propagates to terminal 28 of chip 16 via clock route 34. The clock wave that route 
34 applies to terminal 28 drives clock circuitry in a first stage of chip 16 that is similar 
to the first stage of chip 14. In particular, a first stage of chip 16 includes phase 
detector and lowpass filter 88, buffer and gater circuit 90, voltage controlled delay 
circuits 92 and 94 as buffer and gater 96, that respectively correspond to detector 
29, buffer and gater 33, delay circuits 31 and 25 and buffer and gater 22. Hence, 
chip 16 responds to the clock wave at terminal 28 in the same way that chip 14 
responds to the clock wave from source 12 and the clock output of route 34 is the 
clock input of chip 16. 

[0039] To enable the synchronization between the clock waves of chips 14 
and 16 to be attained, chip 16 includes a lead between terminals 86 and 30, so that 
the clock wave at the output of route 34 drives route 36. Because of a symmetrical 
spatial relationship between the leads of chip 16 between terminals 28 and 30, the 
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balanced nature of clock routes 34 and 36, and the controlled delay of element 74, 
synchronism is maintained between the clock waves at terminals 22 and 28 of chips 
14 and 16. 

[0040] Chip 16 can, but does not necessarily, include several additional 
cascaded stages, one of which is illustrated as being the same as (1) the last stage 
of chip 14 and (2) the same as the first stage of chip 16, except that the last stage of 
chip 16 includes buffer and gater 98 that drives clock route 40 via terminal 46 and 
voltage controlled delay 99 that responds via terminal 44 to the output of clock 38. It 
is to be understood that if chip 16 is so small that it includes only a single stage so 
buffer and gater 98 and delay circuit 99, as well as the other circuits of the illustrated 
last stage are omitted, the output of buffer and gater 96 is connected directly to 
terminal 42 and the input of delay circuit 92 is connected directly to terminal 44. 

[0041] Reference is now made to the block diagram of Fig. 3, which is similar 
in many respects to Fig. 1. Fig. 3 includes printed circuit board 100 having 
sequentially connected integrated circuit chips 102(1), 102(2)... 102(N). Adjacent 
pairs of chips 102 are connected to each other by balanced clock routes 104, such 
that route 104(i) is connected between chips 102(i) and chips 102(i+1), where i is 
selectively each of 1, 2,... (N-1). In addition, chip 102(N) is connected to clock 
quality circuitry on chip 102(1) by balanced clock routes 106 and 108. Clock routes 
104 connect adjacent pairs of chips 102(1), 102(2)... 102(N) together so that a clock 
wave derived at output terminal 110 of chip 102(1) sequentially propagates to output 
terminals 112 on the output sides of chips 102(2)... 102(N). The clock circuitry on 
each of chips 102(1), 102(2)... 102(N) is similar to that illustrated and described in 
connection with Fig. 2. Hence, there is sequential coupling of the clock wave at 
terminal 110 to chips 102(2)... 102(N). 
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[0042] The connections between terminals 112 and 114 on the left edge 116 
(i.e., the output edge) of chip 102(N) and terminals 118 and 120 of chip 102(1) are 
via balanced clock routes 106 and 108. Consequently the clock wave at terminal 
112 of chip 102(N) is supplied to terminal 122 of chip 102(1). The clock wave at 
terminal 122 is supplied in parallel to one input of phase detector and lowpass filter 
124 and to terminal 120. The clock wave at terminal 122 bears a predetermined 
phase relationship to the clock wave at terminal 112 of chip 102(N) because of the 
known length and propagation properties of balanced routes 106 and 108 and the 
synchronization that chip 102(N) provides for the clock waves at terminals 112 and 
114. A second input of phase detector and lowpass filter 124 is responsive to the 
clock wave which drives the entire arrangement of printed circuit board 100, as 
derived from source 126 for example. Because of these circuit connections and the 
predetermined relationship between the clock waves at terminals 112 and 122, 
phase detector and lowpass filter 124 derives an output signal, in the form of a DC 
voltage, having a magnitude and polarity indicative of the phase difference of the 
inputs of the phase detector and lowpass filter and the lead/lag relationship of these 
inputs. The magnitude of the output voltage of phase detector and lowpass filter 
124 provides a measure of the clock quality of the clock circuitry of the printed circuit 
chips 102(1), 102(2)... 102(N) and the clock routes 104 connecting them. In the 
arrangement of Fig. 3, the output of detector and filter 124 performs no feedback 
function and all synchronization between chips 102 is maintained by the circuitry on 
the individual chips and the balanced routes. 

[0043] In the embodiment of Fig. 4, printed circuit board 130 carries 
integrated circuit chips 132, 134, 136 and 138, having clock circuits connected to 
each other in a star configuration. Chip 132 is at the center of the star, while chips 
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134, 136 and 138 are at the comers of the star. Edge 140 of chip 132 includes input 
terminal 142, connected to the output of clock source 138. Chip 140 includes edge 
144 that is at a right angle to edge 140 and which carries input and output terminals 
146 and 148. Chip 140 also includes edge 150 that is opposite to edge 144; edge 
150 carries input and output terminals 152 and 154. Edge 156 of chip 132, opposite 
edge 140, includes input and output terminals 158 and 160. The input and output 
terminals along each of edges 144, 150 and 156 of chip 132 have connections 
similar to the connections and circuitry of chip 14, Fig. 2, along edge 26 thereof. In 
other words, terminals 146 and 148 are connected to circuitry in chip 132 that is 
similar to the circuitry to which terminals 22 and 24 are connected in Fig. 2. The 
same relationship exists for the terminals in circuitry connected to and in proximity to 
edges 150 and 156 of chip 132. 

[0044] The terminals along edges 144, 150 and 156 of chip 132 are 
respectively connected to chips 134, 136 and 138 by balanced clock route pairs 162, 
164 and 166, constructed as described supra in connection with the clock route pair 
formed by clock routes 34 and 36. Clock route pair 162 causes clock waves to be 
transmitted from terminal 148 of chip 132 to terminal 168 of chip 134 and from 
terminal 172 of chip 134 to terminal 146 of chip 132. Chip 134 includes clock 
circuitry connected to terminals 170, 172 and similar to the clock circuitry of chip 16 
that is associated with edge 132 and connected to terminals 28 and 30. Chip 136 
includes terminals 174 and 176; terminal 174 is responsive to the clock wave from 
terminal 154 and terminal 176 supplies a clock wave to terminal 152 via clock route 
pair 164. The circuitry of chip 136 connected to terminals 174 and 176 is essentially 
the same as the circuitry of chip 16 that is connected to terminals 28 and 30. The 
same is true of the clock circuitry of chip 138 that is connected to terminals 178 and 
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180; terminal 178 is responsive to the clock wave at terminal 160 and terminal 180 
supplies a clock wave to terminal 158. 

[0045] In Fig. 5, buffer circuits 182, 184, 186 and 188 replace buffer and 
gater circuits 70, 82, 90 and 98 of Fig. 2. Thus, the circuit of Fig. 5 herein is similar 
to Fig. 5 of the previously mentioned patent, while the circuitry of Fig. 2 herein is 
similar, in certain respects, to the circuitry of Fig. 4 of the previously mentioned 
patent. However, in each of Figs. 2 and 5 of the present application, balanced 
routing is provided between adjacent integrated circuits, while no routing is provided 
in the node circuitry of Fig. 4 of the previously mentioned patent. While balanced 
routes are included in the circuit of Fig. 5 of the previously mentioned patent, the 
routes are carried by a single integrated circuit chip, and are not connected between 
adjacent chips, such as on a printed circuit board. 

[0046] Reference is now made to Fig. 6 of the drawing, wherein printed 
circuit board 190 is illustrated as carrying clock source 192 and integrated circuit 
chips 194(1), 194(2)... 194(N). Balanced clock routes 196 connect adjacent pairs of 
chips 194(1), 194(2)... 194(N) together in a manner similar to that described supra in 
connection with Fig. 3. In addition, printed circuit board 190 includes a balanced 
route pair comprising clock routes 198 and 200. Clock route 198 connects output 
terminal 199 of chip 194(N) to clock input terminal 202 of chip 194(1), while clock 
route 200 connects output terminal 204 of chip 194(1) to input terminal 206 of chip 
194(N). 

[0047] Chip 194(1) includes phase detector and lowpass filter 208, having 
one input connected to be responsive to the clock output of source 192 and a 
second input connected to be responsive to the clock wave at terminal 202. The 
connection between the second input of phase detector and lowpass filter 208 and 
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terminal 202 is via terminal 210, which is connected to terminal 204. Phase detector 
and lowpass filter 208 derives an output signal having a magnitude and polarity 
determined by the difference in phase angle between the clock wave inputs thereof 
and the lead/lag phase relationship between them. The output signal of phase 
detector and lowpass filter 208 drives an input of operational amplifier 210, having a 
pair of complementary output terminals 212 and 214 on which are derived opposite 
polarity DC signal voltages that are directly proportional to the DC output voltage of 
phase detector and lowpass filter 208. 

[0048] The opposite polarity signal voltages at terminals 212 and 214 are 
supplied via common mode line 216 from chip 194(1) to chip 194(2), thence to chips 
194(3) (not shown),... 194(N). Because line 216, that can be considered as a signal 
transmission circuit element for coupling a control signal from chip 194(1) to other 
chips 194(2)... 194(N) on printed circuit board 190, is a common mode line, i.e., a 
line including two leads in close proximity to each other and carrying complementary 
phased signals, any noise or other anomalies introduced into the signal on one of 
the lines is introduced in the same manner on the other line. Because the signals 
are complementary to each other, the anomalies cancel when the signals are 
detected by conventional common mode differential amplifier circuitry 218 of chip 
194(2). 

[0049] Differential amplifier 218 derives a single DC signal voltage having an 
amplitude and polarity equal to the amplitude and polarity of the output of phase 
detector and lowpass filter 206 on chip 194(1). The output signal voltage of 
differential amplifier 218 is applied to voltage controlled delay circuits in chip 194(2) 
to provide synchronism for the clock waves propagating in opposite directions 
between chips 194(1) and 194(2) via balanced clock route pair 196. 
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[0050] Each of chips 194 includes common mode line 220 that extends from 
one edge of the chip to the other. Common mode line 220 of chip 194(2) is 
connected to common mode line 222 that extends from chip 194(2) to chip 194(3) 
(not shown). Because each of chips 194(2)... 194(N) includes a common mode line 
(similar to common mode line 220) and common mode detection circuitry, in the 
form of a differential amplifier (similar to amplifier 218) each of chips 194(2)... 
194(N) derives a DC voltage having substantially the same amplitude and polarity as 
the output of filter and detector 208 of chip 194(1). The DC voltages of chips 
194(2)... 194(N) are not substantially affected by local properties of printed circuit 
board 190 or the chips that are carried by circuit board 190. Thus, synchronized 
phase relationship is provided on each of chips 194(1), 194(2)... 194(N). The 
synchronized relationship can be provided even for those chips which may not have 
circuitry for monitoring the phase difference between the clock wave inputs and 
outputs thereof. In other words, some of chips 194(2)... 194(N) may include only 
voltage delay circuits that are responsive to the phase error signal that phase 
detector and lowpass filter 206 supplies to common mode line 216 by way of 
amplifier 210. 

[0051] Reference is now made to Fig. 7 of the drawing, a more detailed block 
diagram of some of the circuitry that chips 194(1) and 194(2) include. To simplify 
the drawing, chips 194(1) and 194(2) are illustrated as including only one stage on 
each chip; it is to be understood that the chips typically include plural cascaded 
stages as described in connection with Fig. 2. As illustrated in Fig. 7, chip 194(1) 
includes clock input terminals 230 and 232, respectively connected to be responsive 
to clock waves from clock wave source 192 and clock route 234 of balanced clock 
route pair 196. Chip 194 includes clock receiver circuit 236, having an input 
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connected to be responsive to the clock wave at terminal 232 and an output for 
driving local clock circuits on chip 194(1). Chip 194(1) also includes voltage 
controlled delay circuit 238, having a control input signal terminal responsive to the 
phase indicating DC output voltage of phase detector and lowpass filter 206. 
Voltage controlled delay circuit 238 has an output connected to buffer and gater 
circuit 240 that drives other local clock circuits on chip 194(1). There is no 
connection between the clock wave circuitry responsive to the clock wave at terminal 
232 and inputs of the clock wave control circuitry of chip 1 94(1 ). 

[0052] Phase detector and lowpass filter 206 responds to the clock input from 
source 192, as applied to terminal 230, as well as the clock wave from chip 194(N), 
as coupled through clock route 198, Fig. 6. Phase detector and lowpass filter 206 
responds to the phase difference between inputs from source 192 and clock route 
198 to supply a variable amplitude and polarity DC voltage to the input of amplifier 
210. Amplifier 210 drives output signal terminals 242 and 244 of chip 194(1) with 
control signal voltages that are of opposite polarity. 

[0053] Terminals 242 and 244 are respectively connected to leads 246 and 
248 on printed circuit board 190; leads 246 and 248 comprise common mode line 
216. Leads 246 and 248 are made of the same material, are in close proximity to 
each other, have the same geometry and are carried in the same way by printed 
circuit board 190. Hence, variations in temperature and other anomalies, such as 
noise, have the same effect on the voltages on lines 246 and 248. Lines 246 and 
248 are respectively connected to terminals 250 and 252 of chip 194(2). Terminals 
250 and 252 are respectively connected to leads 254 and 256 of common mode line 
220 of chip 194(2). 
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[0054] Chip 194(2) includes differential amplifier 218 that functions as a 
common mode receiver, to derive a DC signal voltage that is not influenced by 
temperature variations and other anomalies, such as noise, on leads 246 and 248. 
Differential amplifier 218 supplies a DC signal voltage having an amplitude and 
polarity equal to the amplitude and polarity of the output of phase detector and 
lowpass filter 206. 

[0055] The output of differential amplifier 218 is applied to voltage controlled 
delay circuit 258, included in a balanced circuit of chip 194(2). Delay circuit 258 has 
a clock input, connected to be responsive to the output of clock wave receiver 260, 
included on chip 194(2). Receiver 260 is connected to be responsive to the clock 
input terminal 262 of chip 194(2). Terminal 262 is connected to be responsive to the 
clock wave that clock route 264 of balanced route pair 196 transmits in response to 
the clock output of chip 194(1) at terminal 266. Terminal 266 is connected to be 
responsive to the output of buffer amplifier 268 of chip 194(1); buffer amplifier 268 
has an input connected to be responsive to the clock wave of chip 194(1) as, for 
example, derived by buffer and gater 270, having an input responsive to the clock 
wave of source 192. 

[0056] The balanced circuit of chip 194(2) includes buffer 272, having an 
input from clock circuitry (not shown) on chip 194(2). Buffer 272 has an output 
connected to drive terminal 274 of chip 194(2). Terminal 274 supplies a clock wave 
to clock route 234 which drives terminal 232 of chip 194(1). 

[0057] From the foregoing, delay elements on chips 194(1) and 194(2) are 
responsive to the phase error indicating output signal of phase detector and lowpass 
filter 206 to provide synchronization for the clock waves on chips 194(1) and 194(2). 
Similarly, synchronization is provided on each of the chips of printed circuit board 
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190, without local feedback. This is contrary to the arrangements of Figs. 1-5, where 
synchronization of the clock waves on the different integrated circuits chips is 
attained as a result of separate feedback circuits on each of the chips and the 
balanced routes connecting the chips. 

[0058] While there have been described and illustrated specific embodiments 
of the invention, it will be clear that variations in the details of the embodiments 
specifically illustrated and described may be made without departing from the true 
spirit and scope of the invention as defined in the appended claims. 
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